Summary.-When HeLa cells are subject to hyperthermia, the synthesis of specific heat-shock proteins (HSP) is induced under a variety of thermal conditions. HSP synthesis does not occur at temperatures above 43°C but requires return to a culture temperature of 37°C. Maximal induction appears to be achieved if a brief hyperthermia treatment (10 min, 45°-46°C) is followed by 2 h "development" at 37°C. The induction process requires transcription but not DNA replication, and general cell metabolism is probably also required, as induction does not occur if the heat-treated cells are returned to 40 (rather than 37°C) for development.
Summary.-When HeLa cells are subject to hyperthermia, the synthesis of specific heat-shock proteins (HSP) is induced under a variety of thermal conditions. HSP synthesis does not occur at temperatures above 43°C but requires return to a culture temperature of 37°C. Maximal induction appears to be achieved if a brief hyperthermia treatment (10 min, 45°-46°C) is followed by 2 h "development" at 37°C. The induction process requires transcription but not DNA replication, and general cell metabolism is probably also required, as induction does not occur if the heat-treated cells are returned to 40 (rather than 37°C) for development.
A small proportion of the HSPs of 72-74 Kd are found in nuclei, but do not appear to bind to DNA. The bulk of these proteins, as well as those at 100 Kd, are cytoplasmic, but none are preferentially associated with mitochondria.
Increased synthesis of the lOOKd and 72-74Kd HSPs was also triggered by pretreatment of the cells with 5 x 10-5M sodium arsenite.
THE POTENTIAL benefits of hyperthermia in the treatment of human cancer have been recognised for some time. Recent interest is primarily based on the observations that (a) hyperthermia, as opposed to radiation and some drugs, inactivates hypoxic cells (as occur in tumours), (b) hyperthermia preferentially kills cells at low pH (as occurs in certain tumours), (c) hyperthermia preferentially inactivates S-phase cells and synergistically interacts with radiation (see Harkedar & Bleehen, 1976; Miller et al., 1977 : Connor et al., 1977 Suit, 1977; Dewey et al., 1977; Overgaard & Bichel, 1977) . Whilst the exact lesion(s) responsible for cell killing are not known, lethality may be related to the effects of heat on protein structure. Thermodynamic parameters of hyperthermic killing correlate with thermnodynamic parameters of protein denaturation (Rosenberg et al., 1971) .
Useful hyperthermic treatment protocols at the clinical level seem likely to depend on fractionated regimes of heat alone, or combine(d with radiation or chemotherapy. However, a practical problem is the development of "thermotolerance". This is defined as the reduced slope of heat survival curves after heat conditioning (see H enle & Dethlefsen, 1978) . Such heat-conditioning can be induced in cultured human, or hamster cells, by a brief treatment at high temperature (440-45°C) followed by a recovery or "development" period at 370C (Gerner et al., 1976 . The effect of thermotolerance can be quite dramatic; 10-fold increases in survival levels are commonplace and may be of great clinical importance. Recently we reported ) the induction of specific groups of heat-shock proteins (HSP) in cultured HeLa cells. Their induction requires a brief hyperthermic treatment (5-10 min at 45°C) and their synthesis is maximal after a 2 h "development" at 37°C. Whilst the function of HSP is still a matter of speculation, it has been suggested that they might be concerned with the "maintenance" or "repair" of cellular homeo-stasis after the initial hyperthermic treatment (Ashburner & Bonner, 1979 Labelling of cells with L-35S-methionine.-Half a million cells were allowed to grow overnight in the bottom of glass scintillation vials as described previously . Hyperthermia was administered by immersion of the vial in a water bath at the appropriate temperature. Cells were labelled with 10 ,Ci L-[35S] methionine (1150 Ci/ mmol, New England Nuclear, Boston) in minimal essential medium minus methionine, and prepared for subsequent dodecyl sulphate/polyacrylamide gel electrophoresis by lysis in dodecyl sulphate sample buffer as described previously .
Dodecyl sulphate/polyacrylamide gel electrophoresis and fluorography.-8 75% (w/v) polyacrylamide slab gels with 3% (w/v) stacking gels were used and prepared for fluorography as previously described . The density of the film image was determined witb a Joyce-Loebl densitometer. The relative fraction of an individual band was calculated as the area under the scan that included all the protein bands in a particular track .
Subcellular fractionation.-Nuclear and cytoplasmic fractions were prepared from HeLa cells using the general procedure described previously (Fraser et al., 1975 After electrophoresis, the gel was immersed in 50 mm NaCl, 2 mm EDTA, 4M urea, 0O mM dithiothreitol 10mM Tris-HCl (pH 7 0) for 3 h. Proteins were transferred to nitrocellulose filters (Schleicher and Schull, BA85) by "sandwiching" the gel between two strips of nitrocellulose, and allowing the proteins to diffuse out of the gel and absorb to the nitrocellulose. The "sandwich" apparatus was submerged in 2 changes of 50mM NaCl, HYPERTHERAIIA AND HUMAN HEAT-SHOCK PROTEINS 2mM EDTA, 01 mM dithiolthreitol, lOima Tris-HCl (pH 7 0) for 48 h.
For the detection of DNA-binding capacity. high-molecular-weight (HMW) HeLa-cell DNA was prepared from HeLa-cell nuclei and labelled to high specific activity by "nicktranslation" (Rigby et al., 1977) drastically decreased the cells' subsequent ability to incorporate amino acids into protein ( Fig. 1) at 3700. This effect is nevertheless reversible. If the affected cultures are returned to 37TC for at least 2-3 h we find that amino acid incorporation returns to normal levels. Another feature of thermotolerance (see Lepock & Kruuv, 1980) , is that it can be induced by continuous temperatures below 43°C, but not above. HeLa cells were heated continuously for 3 h at various temperatures, but with L-35S-methionine in the medium for the last hour. From  Fig. 2 In another set of experiments, the initial brief hyperthermia was varied, but the "development" period was maintained at 2 h. Fig. 3 shows that synthesis relative to that at 37TC of the three main groups of HeLa HSPs, was maximal after 10 min at 45TC. The degree of induction is also dependent on the temperature of the initial hyperthermia; the maximum being after 46TC (Fig. 4) . Treatment overnight with 1.5% dimethyl sulphoxide, 50uM dibutyryl cAMP or 5mM sodium butyrate had no effect on the patterns of protein synthesis.
Further appreciation of the factors governing the triggering of heat-shock gene expression now await more precise transcription studies, using specific cloned sequence probes. To this end, cDNA sequences coding for 4 of the 72-74Kd group of HeLa HSPs have now been cloned in pBR322 and are being used to obtain the corresponding genome sequences.
Nucleic-acid requirement in heat-shock protein induction Although our previous data indicate that induction of HeLacell HSPs was blocked by actinomycin D, it was not previously established whether DNA synthesis as well as RNA synthesis was involved in the induction process.
Pretreatment of HeLa cells with 2mM
hydroxyurea for 1 h (which inhibits DNA synthesis by 90%) before hyperthermia, did not effect the induction of the HSPs (Fig. 6, tracks 2 & 3) . Thus, it appears that DNA replication is not required. In this regard it is of interest that thermotolerance can be induced in synchronous GI cell cultures, where there is no progression into S phase.
Although the induction of HSPs may involve a "repressor(s)" labile to heat, sulphydryl reagents, transition metals and certain chelating agents, the methylation status of the DNA may be important. Recent data indicate that DNA methylation controls the inducibility of the mouse metallothionein-1 gene (Compere & Palmiter, 1981) . HeLa cells were pretreated with ImM 2'deoxy-5-azacytidine for 8 h to reduce their 5-methyl cytosine level (see Jones & Taylor, 1980; Compere & Palmiter, 1981 suggest a link between the recovery of amino acid incorporation and the induction of HSPs, the recovery process clearly occurs much more rapidly than maximum production of HSPs, which requires at least 2 h . It may simply be that transcription is required for the recovery process. Goldstein & Penman (1973) suggested that the recovery of protein synthesis, albeit from the lower temperature of 420C, may be mediated through a short-lived RNA (rather than protein) that promotes the initiation of translation. Recent data of Bonanou-Tzedaki et al. (1981) indicate the production of an inhibitor in postribosomal supernatants of reticulocyte lysates by brief heat treatment at 44TC. This inhibitor appears identical to the haem-activated inhibitor which phosphorylates the small subunit of the initiation factor elF-2, thereby reducing its catalytic activity. 'Whether it is this event that could be reversed by an RNA (or an HSP) remains to be answered. Transcription in HeLa cells is also known to be affected by hyperthermia, though the effects are varied (Zieve et al., 1977) . At 430C tRNA and 58 RNA synthesis remain unaffected, bnRNA and mRNA are still produced, though at reduced rates, but ribosomal RNA is totally inhibited. Whilst recovery during "development" is observed it is clearly complex. We have made a preliminary analysis of the situation using cloned cDNA as a probe for specific HeLa 72-74Kd HSP mRNA sequences . During the "development" phase such sequences can be detected in nuclei by "Northern" blotting of HMW nuclear RNA species, but only after 1-2 h of "development" at 37TC .
Intracellular location of HeLa heat-shock proteins In a search for pointers to possible function of HeLa HSPs, subeellular fractions were prepared from control and heat-shocked cells labelled with 35S-methionine. From densitometric analyses of the fluorograms displayed in Fig. 8 It has also been suggested (Kelley & Schlesinger, 1978) that HSPs are proteins of the cell membrane and possibly involved in hexose transport. However, analysis of plasma-membrane fractions from heatshocked HeLa cells did not reveal any marked enrichment with HSP. Studies onthe in vitro translation of HSP mRNAs There are clearly some considerable differences between the HSPs of Drosophila and humans. Moreover, it may be unrealistic to expect similar roles for HSPs in-such a wide range of species as yeast, Drosophtla and humans, whose HSPs have different molecular weights.
In addition there are clear mechanistic distinctions in their expression. In yeast their induction involves the preferential loss of non-HSP mRNAs, whereas in Drosophila there appears to be preferential translation of HSP mRNAs (Lindquist, 1981) . In HeLa cells we find no evidence for preferential loss of mRNAs, nor for any apparent preferential translation after heat shock, though the possibility cannot be ruled out at present .
A more useful comparison may be between' 'homeotherms. We find that human (HeLa, HT1080) mouse (L-929) and-hamster (BHK-21/C13) cells are similar in that 3 major groups of HSPs are inducible: at 37 Kd, [72] [73] [74] Kd and 100 Kd. Recent data of Levinson et al. (1980) indicate that avian cells (chick fibroblasts) have 4 groups of HSP. Two of the avian groups have approximate molecular weights of 70 Kd and 100 Kd and thus probably correspond to the two HMW gro'ups in HeLa cells. Levinson et al. (1980) indicates that this correspondence actually extends to similarities revealed by partial proteolytic mapping. However', it must be pointed out that there is some -disagreement in the -litera-ture concerning the molecular weight of the heaviest group of HSP common to avian and mammalian cells (estimates range from 89 Kd to 100 Kd; see Kelley & Schlesinger, 1978; Levinson et al., 1980; Johnston et al., 1980; Slater et al., 1981; Oppermann et al., 1981; Brugge et al., 1981) . Nevertheless, recent interest has focussed on this group, as data now available indicate a possible overlapping role for them in viral oncogenesis and in the heat-shock response. A single viral protein (pp6osrc) mediates the neoplastic transformation of avian cells infected with Rous sarcoma virus. Immunoprecipitation of pp6Osrc has revealed two cellular proteins to be associated with pp6osrC in a specific manner. One of these belongs to the above-mentioned group of avian HSP (Oppermann et at., 1981; Brugge et al., 1981) . Whether any of the corresponding human HSPs play a similar role in human tissues is of course an open question. However, such information would clearly influence hyperthermic protocols in cancer therapy.
